Background: We measured loading forces across different points of the plantar foot surface to examine how different types of casts affect load distribution through the foot and ankle. The patella tendon-bearing (PTB) or Sarmiento cast is the current "gold-standard" casting method for offloading force through the foot and ankle. We aimed to determine if a rocker bottom frame attached to a below-knee cast (Beagle Böhler Walker) would be as effective or better at reducing load distribution during full weightbearing. Method: We applied TekScan FlexiForce A201 force sensors to the first and fifth metatarsal heads and the plantar surface of the calcaneus of 14 healthy volunteers. All volunteers had force measurements taken without a cast applied and then with a traditional Sarmiento cast, a standard below-knee cast, and a below-knee cast with the Böhler Walker frame fitted. Results: Compared with a standard below-knee cast, the Böhler Walker frame reduced the mean peak force through the head of the first metatarsal by 58.9% (P < .0001), 73.1% through the head of the fifth metatarsal (P < .0001), and 32.2% (P < .0001) through the calcaneus. The Sarmiento cast demonstrated a mean percentage reduction in peak force of 8.6% (P = .39) and 4.4% (P = .87) through the first and fifth metatarsal heads, respectively, but increased the mean peak force by 5.9% (P = .54) through the calcaneus. Conclusion: Using a Böhler Walker frame applied to a below-knee cast significantly reduced weight transfer through the foot compared with a Sarmiento cast or standard below-knee cast. Clinical Relevance: This reduction in force through the foot could mean early weightbearing would be safer in patients with a wide variety of foot and ankle pathologies such as ankle fractures or operative fixations. This may reduce the incidence of immobility-dependent morbidity.
The use of a standard plaster cast for lower limb immobilization following some elective foot and ankle procedures, such as realignment surgery, or following ankle fractures often subjects patients, particularly the elderly, to periods of nonweightbearing. 11 This period of lower limb immobilization promotes healing while reducing the risk of fracture or joint displacement but is associated with a 16% to 29% incidence of deep vein thrombosis (DVT).*
The current "gold-standard" method for noninvasive fracture immobilization while allowing weightbearing is the patella tendon-bearing (PTB) or Sarmiento cast, which was designed to offer advantages over a standard belowknee cast by permitting earlier weightbearing and thus maintenance of functional activity. 1, 2, 13, 18 A recent innovation designed to enable patient mobilization in addition to a lower limb rigid cast is the Beagle Böhler Walker frame (Beagle Orthopaedic, Blackburn, UK), a noninvasive frame with a curved platform on the sole that is fitted onto a standard below-knee plaster cast (Figure 1 ). The frame is applied so that a space is created beneath the plantar surface of the cast and the walking surface. This device is a modernization of the Böhler Walker Iron, originally designed in the 1930s to allow patients in a lower leg cast to bear their weight in the cast by distributing force away from the foot and through the frame (Figure 2 ). 10, 16 Both appliances were designed to achieve a reduction in force across foot and ankle fracture sites, serving to permit earlier mobilization while minimizing fracture displacement. 1, 2, 10, 13, 17 The Beagle Böhler Walker frame is not currently sold in the United States and is not yet approved by the Food and Drug Administration (FDA). It is Conformité Européenne (CE) marked and approved for clinical use nationwide in the United Kingdom and is currently used in over 20 orthopaedic centers in the United Kingdom. However, the Beagle Böhler Walker frame is not yet supported by any clinical evidence that substantiates a reduction in force across the plantar surface of the foot.
The aim of this study was to measure the magnitude of force transferred across the plantar surface of a healthy, uninjured foot during a normal gait cycle and compare these force readings with the current gold-standard casting methods and with the Beagle Böhler Walker applied. Outcome was measured by the ability of the Beagle Böhler Walker frame to significantly reduce force through the foot compared with the current gold-standard methods of lower limb casting.
Methods

Study Design
Height, weight, and UK shoe size were measured in healthy, consented participants. Three TekScan FlexiForce A201 sensors (TekScan, Boston, MA) 22 (Figure 3a ) were taped to the plantar surface of the volunteers' dominant foot: the first sensor was placed on the plantar surface of the calcaneal tuberosity, the second sensor was placed over the first metatarsal head, and the third sensor was placed over the fifth metatarsal head (Figure 3b ). A single orthopaedic clinician applied all of the sensors.
Each volunteer was given a pair of open-toe rigid sole sandals to wear on both feet and asked to walk a distance of 15 m unaided along a corridor, turn around at a marker on the floor, and walk back. Force measurements from all 3 points on the foot were recorded simultaneously. Five sets of measurements were recorded to obtain an average baseline reading of the force loading across each volunteer's foot without casting material applied.
The foot was then wrapped in a Soffban Plus cotton wool liner (BSN Medical, Hamburg, Germany), and then casting material was applied. The patellar tendon-bearing cast (Sarmiento method) was the first to be applied. An experienced plaster technician applied the PTB cast ( Figure 4 ). The plaster was given 20 minutes to set, and an open-toe cast sandal was placed on the contralateral foot to ensure approximate equal leg lengths. Volunteers were given 5 minutes to grow accustomed to walking in the cast. The volunteer would then walk the same distance down the corridor while force readings were recorded. Five sets of measurements were recorded.
The cast was then trimmed using an oscillating saw to form a standard below-knee cast. The same measurements were taken as before and repeated 5 times. The Böhler Walker frame was then attached to the below-knee cast using operative tape support straps and extra casting material ( Figure 5 ). As per fitting instructions, we ensured the base of the cast was flush with the donning pad, a foam spacer used to ensure a standardized gap of 12 mm between the base of the cast and the sole of the Beagle Böhler Walker. The plaster was then allowed to set for 20 minutes, at which point the ankle strap was fixed in place and the donning pad was removed.
Data obtained during the first and last walking cycles, as well as while turning, were excluded to enable standardization. Ten gait cycles per trial per volunteer were taken for analysis, providing a total of 50 gait cycles per intervention per volunteer.
Ethical Approval
This study was granted ethical approval via a proportionate review.
Participants
A total of 14 healthy volunteers were recruited consecutively from the students and staff at our institution over a 3-month period between January and March 2014. All measurements were taken on the same day in March 2014.
The inclusion criteria were that participants must be English speaking, be 18 to 65 years old, and have no sign of foot or ankle deformity or pathology, no current lower limb fractures, no previous foot or ankle surgery, and no sign of a leg length discrepancy or mobility issues. Volunteers with signs of ankle deformity or pathology, current lower limb fracture, previous foot or ankle surgery, peripheral vascular disease, peripheral neuropathy, and poor mobility or undergoing any form of rehabilitation, including following a recent cerebrovascular event, were excluded. Participants whose first language was not English were also excluded. Eligible volunteers provided written consent prior to entering the study.
Data obtained from 2 participants were excluded due to sensor saturation and connection problems. The final cohort of 12 volunteers consisted of 8 males with a mean age of 22.6 (range, 21-27) years and 4 females with a mean age of 22.3 (range, 21-24) years. The mean weight was 80.4 (range, 72.9-87.9) kg for the male volunteers and 60.5 (range, 53.2-67.8) kg for the female volunteers. Details are summarized in Table 1 .
Variables
Potential effect modifiers included participant sex, weight, height, and shoe size and were measured.
Materials and Data Sources
The FlexiForce (TekScan) A201 sensors 22 taped to the plantar surface of the foot were connected to a microprocessor with 3 separate analog to digital channels. Bluetooth modules (20-m range) connected to a custom MATLAB (MathWorks, Natick, MA) script recording at 100 Hz were used to transmit the data (Figure 3a ). These were calibrated post hoc using a Mecmesin automated force test system (Mecmesin Ltd, West Sussex, UK) to apply known forces (0-100 N) to each individual sensor. A fourth-order polynomial was then generated for each sensor to map its reading to known data values. For each trial, the 25 highest force peaks were identified using custom MATLAB software. The average of these peaks was used to indicate 1 gait cycle.
All plaster casts were prepared using Delta-cast Conformable (BSN Medical) and applied by independent plaster technicians with a minimum of 10 years' experience.
Bias
To prevent systematic errors in measurement, we recorded all data from all 14 volunteers on the same day. The same orthopaedic clinician applied the force sensors to all the volunteers in the study. Plaster casts and Böhler Walker frames were applied to all volunteers by the same plaster technicians, and the same batch of casting material was used.
Statistical Methods
All data were assessed for normal distribution based on nonsignificant skewness or kurtosis. Statistical differences between the groups were calculated using paired t tests. Statistical significance was defined as P < .05. A post hoc power analysis for a Student t test was performed to determine if the study was adequately powered and to determine a true difference in means of the measured samples. Data from 2 of the 14 participants had to be discarded due to sensor saturation and connection problems. Despite a final sample size of only 12, the demonstrated effect size (Cohen d) was 1.81, and the observed power was 0.95.
Results
The mean peak force values at each sensor position and casting method for all 12 participants are shown in Table 2 . A wide range of force readings was observed when participants performed the "control" walk without any casting material applied (range, 25-171 N over the plantar surface of the calcaneus, 10-35 N over the first metatarsal head, and 8-175 N over the fifth metatarsal head). All data fell within normal distribution because they did not show significant (P < .01) skewness or kurtosis.
Compared with a standard below-knee cast, the Böhler Walker frame reduced the mean peak force through the head of the first metatarsal by 58.9% (P < .0001), by 73.1% through the head of the fifth metatarsal (P < .0001), and by 32.2% (P < .0001) through the plantar surface of the calcaneus. The Sarmiento cast demonstrated a mean percentage reduction in peak force of 8.6% (P = .39) and 4.4% (P = .87) through the first and fifth metatarsal heads, respectively, but increased mean peak force by 5.9% (P = .54) through the plantar surface of the calcaneus ( Figure 6 , Table 2 ). Compared with when the same foot had no casting material applied, the mean percentage reduction in peak force with the Böhler Walker frame applied was 65.8% (P < .0001) through the first metatarsal head and 71.3% (P < .0001) through the fifth metatarsal head and 60.8% (P < .0001) through the plantar surface of the calcaneus (Figure 7 , Table 2 ). The mean percentage reduction in peak force through the plantar surface of the calcaneus was 37.2% (P < .0001) with a Sarmiento cast and 39.6% (P < .0001) with a standard below-knee cast compared with the mean peak force without any cast material applied. The Sarmiento cast also showed a statistically significant reduction in loading at the head of the first metatarsal, 23.9% (P < .003). The belowknee cast showed an 11.7% reduction in force at this site, but this was not statistically significant (P = .284). The The mean percentage reduction in peak force compared with when wearing a below-knee cast only and the mean percentage reduction in peak force compared with the control in which the same participants were not wearing a plaster cast are also shown. Note: negative percentage values indicate an increase in force measured by the force sensor. Sarmiento and below-knee cast exhibited an increase in loading at the head of the fifth metatarsal of 9.5% (P = .559) and 10.4% (P = .390), respectively (Figure 7 , Table 2 ).
Discussion
Noninvasive methods of lower limb immobilization and restricted loadbearing have included the use of a belowknee cast and crutches 19 or the use of a Sarmiento (PTB cast), which is designed to offload the force through the foot and enable less than full loadbearing. 18 Sarmiento 18 indicates that the PTB cast, when applied correctly, can hold tibial fractures in sufficient alignment to re-create physiological conditions and enable rapid fracture healing. This method of casting has the added benefit of retaining some loadbearing functional activity of the extremity and eliminates the need for extensive rehabilitation of the knee and thigh after prolonged knee immobilization once the fracture has been treated. 3 Ivanovski and Pejak 9 support the notion of treating ankle fractures with a functional Sarmiento cast based on tissues' natural capacity to heal. They also argue that enabling patients to mobilize has the added benefit of improving morale, which further supports rehabilitation and return to socialization.
The Böhler Walking Iron was developed in the 1930s by Viennese orthopaedic surgeon and innovator Lorenz Böhler. The original design (Figure 2) consisted of a strap iron with cross pieces at either end that were bent into a "U" shape and attached by plaster over the leg and foot cast, parallel to the long axis of the leg. The free lower portion extended the width of the heel of the opposite shoe, distal to the heel portion of the cast. Patients with fractures below the knee were encouraged to walk immediately after being fitted with the Böhler Walking Iron. Early fracture union, quicker rehabilitation, and improved mood were all observed. 10, 16 The modernized Beagle Böhler Walker frame is made of lighter and more durable materials (Figure 1 ), making it easier to fit and easier for patients to mobilize.
A study by Van Dijck et al 24 compared outcomes following aggressive nonoperative management of patients with acute Achilles tendon rupture. Patients were randomized within 1 week of injury to treatment with either a weightbearing cast with a Böhler Walking Iron fitted or a traditional nonweightbearing cast for a duration of 8 weeks. The weightbearing group with the Böhler Walking Iron showed a trend toward pain-free status at 1 year and an earlier return to work compared with the nonweightbearing group.
A lack of clinical biomechanical studies on this topic has made it difficult to establish objective values for the reduction of plantar loading required to achieve a beneficial clinical outcome. A study by Tanaka et al 21 looked at the effect of increasing the space between the plantar surface and the base of a Sarmiento cast by using force sensor insoles, in a manner beginning to approximate the design of the Böhler Walker frame. They found that by increasing the depth of the space between the foot and the base of the cast in 1-cm, Figure 7 . A statistically significant reduction in force through the foot with the Beagle Böhler Walker applied was seen compared with the control (*P < .001 using a 2-tailed, paired Student t test). The other 2 casting methods did not significantly reduce the force through the foot in all 3 areas compared with the control.
2-cm, and 3-cm increments, the unloading effect was 60%, 80%, and 98%, respectively. 21 The donning pad used to create the physical space between the base of the cast and the platform of the walker during fitting is 12 mm thick. The 67.8% reduction in mean peak force measured through the plantar surface of the calcaneus of the Böhler Walker frame is therefore comparable to the results seen by Tanaka et al. 21 To standardize our study, we used the same casting material throughout. We chose Delta-cast Conformable (BSN Medical), a nonfiberglass cast tape, as it is what our department uses routinely, is easy to apply, and provides strong and secure lamination with predictable setting times; it is also commonly found in orthopaedic centers around the United Kingdom. A potential for further study would be to investigate the optimum distance between the base of the cast and the platform of the walker as well as the impact on stress shielding and load transfer of using different casting materials.
Despite conducting an adequately powered prospective controlled study with relevant outcome measures, a clear limitation of this study is the small number of participants (n = 12) studied, however significant the results seem. One participant was found to undergo substantially greater force at the head of the fifth metatarsal compared with all other volunteers. This large increase in force is inconsistent with the readings from the head of the first metatarsal and plantar surface of the calcaneus in the same participant. This could potentially be due to undiagnosed foot and ankle deformity. Perhaps our participants should have had radiographs or gait analysis prior to proceeding with force measurements, so that possible foot and ankle deformities could have been screened and excluded from the study. Indeed, by excluding participants with foot and ankle pathology in this study, we cannot say whether the Böhler Walker frame is as effective at reducing loading forces through an obviously deformed foot. This highlights a need for a further study in which patients with foot and ankle pathology are evaluated.
A further limitation of our study is that it provides no specific information about the effect of the Böhler Walker frame on normal gait, only that it reduces loading through the foot. A study by Hullin and Robb 8 examined the external moments indicative of internal muscle activity during normal gait of 10 commercially available rocker frames, including the original Böhler Walking Iron. The Böhler Walking Iron demonstrated some ideal characteristics of normal gait such as a large tibial progression but also produced a large negative knee moment (0 = ideal) of −19.8 N/m, indicating that it did not match all of the kinematic properties required to enable ideal gait. Further investigation using full-gait analysis is therefore necessary to determine if the use of the Böhler Walker frame exhibits a kinematic profile closer to the physiological ideal and to what degree this will alter the biomechanics of the knee, hip, and spine.
Our study also fails to provide an answer as to where, if not through the foot, the loading forces of weightbearing are redistributed. In an article written by Kaysen 10 in 1934 in which Böhler's Walker Iron was first described, it was thought that force must be transmitted proximally, to the point at which the side struts are in contact with the belowknee cast. Although this is a fair assumption, obtaining force readings at the attachment points may therefore be the next step in confirming if this is indeed the case.
Conclusion
The Beagle Böhler Walker frame attached to a below-knee cast significantly offloaded force through the foot and ankle compared with the current Sarmiento-type casting method in normal volunteers. One can foresee that by enabling earlier mobilization, rehabilitation times may shorten, which in turn may reduce the incidence of immobility-dependent morbidity such as DVTs and also improve patients' morale and lifestyle.
In the context of clinical practice, there are many applications where this walker could be used as this study found the Beagle Böhler Walker reduced the load transmission to the foot in a below-knee cast. Future studies will be done to assess the clinical effect of this walker frame on ankle fracture healing, DVT incidence, and qualitative assessment of patients' lifestyles.
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